• The application of glyphosate during early reproductive growth resulted in significant declines in yield.
AbstrACt
In canola (Brassica napus L.), control of grassy weeds can typically be achieved in the fall or spring with timely herbicide applications. However, environmental conditions can delay these applications into canola reproductive growth stages, which have an unknown effect on canola productivity. Therefore, a study was conducted to determine the impact of late-season herbicide applications on canola grain yields and seed quality. The impact of three herbicides (glyphosate [N-(phosphonomethyl) glycine], clethodim [(E)-2-[1- [[3-chloro-2-propenyl )oxy]imino]propyl]5= [2-(ethylthio) propyl]-2-hydroxy-2-cyclohexen-1-one], and quizalofop-P-ethyl [Ethyl(R)-2-[4-(6-chloroquinoxalin-2-yloxy)-phenoxy]propionate]) and three applications timings (bolting, early flower, and mid-flower) were investigated on winter canola from 2015 through 2018 in Perkins and Stillwater, OK. Grain yields and pod abortion were collected at maturity. Subsamples of harvested seed were collected from each plot and used for oil analysis. When averaged across years, the application of glyphosate at bolting and early flower resulted in yield decreases of 531 and 488 kg ha -1 compared with the nontreated control. Yield following the application of clethodim at early flower resulted in a 185 kg ha -1 (2017) and 280 (2018) kg ha -1 decrease in yields compared with the control. Although yield decreases were observed following a few treatments, a significant increase in pod abortion was noted following many herbicide treatments, indicating that pod abortion was not the only factor contributing to yield declines. Decreases in oil content were only found following glyphosate applications at bolting and early flower. These results indicate that late-season herbicide applications, especially glyphosate, should be avoided in winter canola.
I
nterest in winter canola (Brassica napus L.) throughout Oklahoma and the Southern Great Plains has been increasing in the last decade, with land area increasing from 925 ha in 2007 to >93,000 ha in 2015 (NASS, 2015) . This can be seen by the increase in canola on the national oilseed market. Currently, canola ranks third, only behind soybean [Glycine max (L.) Merr.] and cottonseed (Gossypium hirsutum L.), as the prominent oilseed crop grown in the United States (Ash, 2017) . Part of the continued interest of canola within the region has been the increasing demand for a locally grown, healthy cooking oil. Growth was then further aided in 2006 when the US Food and Drug Administration certified canola as a heart healthy oil due to its lower percentage of saturated fat compared with other oils and lack of trans-fats (Stamm et al., 2018) . As a result, canola oil is currently the secondmost widely consumed vegetable oil in the United States (Ash, 2017) . However, the United States still imports a large portion of canola needed for oil production from Canada. High canola imports and a shift in consumer interest has resulted in a higher demand in domestic production.
In addition to the high demand for canola oil both regionally and nationally, canola has become a valuable rotational crop. Winter wheat (Triticum aestivum L.) is the primary crop grown in the Southern Great Plains, with nearly 75% of the total cropland and 86% of total dryland hectares being planted in Oklahoma from 2000 through 2010 (Bushong et al., 2012) . Unfortunately, most wheat in the region is planted as a monoculture production system, which has resulted in yield stagnation and decreased grain quality (Patrignani et al., 2014) . Adding winter canola into a winter wheat rotation can increase wheat yield and grain quality. Following 10-years of spring wheat-spring canola rotations, Bourgeois and Entz (1996) noted significantly higher yields when compared to spring wheat grown without canola. They indicated that, compared with wheat following wheat, wheat following canola resulted in a 58% increase in grain yield. Bushong et al. (2012) further demonstrated these benefits, finding that winter wheat grown in rotation with canola resulted in a 10 to 22% increase in yields.
Although stagnant yields is a major issue for winter wheat producers, decreased winter wheat seed quality has become a concern because poor quality can make the seed unmarketable and result in price reductions. In the Southern Great Plains, decreased seed quality can be attributed to increased dockage and foreign material from problematic weeds, specifically Italian ryegrass (Lolium multiflorum Lam.), feral rye (Secale cereale L.), and various brome species (Appleby et al., 1976; Justice et al., 1994; Peeper et al., 2000; Barnes et al., 2001) . These weeds can decrease grain quality and have the potential to diminish wheat yields through direct competition. Therefore, being able to control these weeds would add great value to the wheat production system. Although not measured directly, Bushong et al. (2012) commented that the primary concern with wheat production in the Southern Great Plains was annual grassy weeds and utilizing a canola-wheat rotation could help alleviate these issues. As a broadleaf, incorporating canola into a cereal cropping system allows for the use of more effective and less costly herbicide options that can be used to control grasses compared with those within the cereal crop (Norton et al., 1999) . Several of these include graminicides like clethodim Bushong et al. (2011) noted integrating canola with a herbicide program, which includes trifluralin [a,a,a-trifluoro-2,6-dinitro-N, Ndipropylp-toluidine applied preplant incorporated followed by clethodim and quizalofop postemergence, resulted in decreased populations of Italian ryegrass, feral rye, and volunteer wheat within the canola season, which should translate to lower concentrations in subsequent wheat crops. In addition, several glyphosate (N-(phosphonomethyl) glycine)-resistant canola cultivars exist, allowing for the application of glyphosate to control susceptible grass and broadleaf weed populations without risk of harming the crop in-season (O'Donovan et al., 2006; Green, 2009) .
Managing weeds with appropriate herbicide applications is critical for both the winter canola and winter wheat crop, with significant yield benefits for canola and subsequent wheat crop when herbicides are used effectively (Bushong et al., 2012) . As canola grown in the Southern Great Plains is a winter crop, the crop goes through vegetative growth in the fall followed by a short dormancy period prior to recommencement of vegetative and reproductive growth in the spring. Early fall applications of herbicides have been effective at not only managing weeds but also protecting yield for the crop. Ideally, canola should be kept weed-free from emergence through the 4-to 6-leaf stage (Clayton et al., 2002; Martin et al., 2001) . However, these early applications cannot maintain weed-free conditions beyond the dormancy period, and later-emerging weeds can become challenging during later vegetative and early reproductive growth, especially if favorable conditions exist (Clayton et al., 2004) . Therefore, subsequent herbicide applications are warranted. However, environmental conditions experienced in late-winter and early spring can limit timely application, resulting in late-season herbicide applications, which are often off-label. Many reports have suggested that these later-season applications could result in flower and pod abortions to cause significant declines in yield (Barker, 2007; Tozzi et al., 2015) . Tozzi et al. (2015) noted that a single application of glyphosate at bolt or glyphosate application at 2-leaf followed by a subsequent application at bolting or early bloom resulted in significant declines in spring canola yield compared with the control where no herbicides were applied. Furthermore, decreased pods, seeds per pod, and seed weights were also noted for these applications, compared with the check.
Information on the impacts of herbicide application timing on canola growth and yields have been documented; however, a majority of the literature has focused on optimum timing of the herbicide applications during vegetative growth. Although this will provide best management practices for making herbicide applications, environmental conditions can limit the ability to make these timely applications, and canola producers often have to make applications later in the season. However, little work is currently available on the potential impacts of these late-season applications and their impact on canola yield and seed quality. Furthermore, winter canola is still a new crop within the United States. Certain management practices in winter canola systems can be adopted from spring canola, but the winter dormancy makes proper herbicide applications more challenging in winter canola compared with spring canola. Information on the effects of spring herbicide applications on the winter canola crop will provide valuable information for canola producers throughout the winter canola production region. Therefore, the objective of this study was to document the influence of late-season herbicide applications on glyphosate-tolerant winter canola grain yields and seed quality.
MAterIAl And Methods trial locations
Trials were conducted in 2014-2015 and 2016-2017 
experimental design
All canola plots were planted using a custom built Truax FLEXII grain drill (Truax Company, New Hope, MN). Two glyphosate-tolerant cultivars were utilized within this trial. Cultivar DEKALB 44-10 was planted in 2016 whereas cultivar DEKALB 46-15 was planted in 2017 and 2018. Cultivars changed in 2016 and 2017 due to limited availability of the 44-10 cultivars in future years. All plots were treated with trifluralin applied at a rate of 573 g a.i. ha -1 and incorporated 5 to 8 cm with a field cultivator after application but prior to planting. Further maintenance herbicide applications applied to all plots included 11.4 g a.i. ha -1 of quizalofop in the fall prior to winter senescence and 24.2 g a.i. ha -1 of glyphosate in the spring. Glyphosate was applied a minimum of 14 d prior to bolting to allow for successive glyphosate treatments according to the label recommendations. The fall and spring herbicide applications were applied as a means to control weeds in-season as weed competition could have altered the results. All agronomic practices are described in detail in Table 1 .
Late-season herbicide application treatments consisted of a combination of three different herbicides applied at three different timings. Herbicides evaluated included glyphosate (Roundup PowerMAX, Monsanto Company, St. Louis, MO), clethodim (Select Max, Valent USA, Walnut Creek, CA), and quizalofop (Assure II, DuPont, Wilmington, DE). All herbicides used were applied based on labeled application rate (Table 2) . Glyphosate, clethodim, or quizalofop were applied at three different canola growth stages (bolting, early flower, and mid-flower). Bolting applications were applied after the bud cluster had emerged but before the first flower exposed. Early flower timing was distinguished when at least 50% of the field had 25% flowers open on the primary stem, while mid-flowering was when at least 50% of the field had 50% flowers open on the primary stem (Knott and Lee, 2017) . In addition to these treatments, a nontreated control was included for comparison. The control treatment only received the maintenance herbicide applications previously described.
Individual plot size measured 8.3 m long × 3.3 m wide, with 16 individual drill rows within a plot spaced 19.4 cm apart. All herbicide treatments were applied within the middle 1.6 m of the plot to minimize potential physical drift between plots. Herbicides were applied with a CO 2 -pressurized backpack sprayer with 
data Collection
At maturity, the middle 1.5 m of all plots were swathed at 50% pod color change. Prior to harvest, 10 randomly selected canola plants were collected from the swathed canola rows and evaluated for total number of pods and aborted pods. Total number of pods and aborted pods were averaged for all 10 plants collected to determine percentage aborted pods for each plot. Within 14 d of swathing, all plots were mechanically harvested using a Delta Series Wintersteiger (Wintersteiger USA, Salt Lake City, UT) self-propelled small plot combine. Plot weights were used to estimate grain yields on a perhectare basis. Subsamples were collected from each plot in all years. Subsamples were used to determine seed oil content using a DA 7000 near-infrared spectroscopy analyzer (Perten Instruments, Hagersten, Sweden; Velasco et al., 1999) .
data Analysis
All data analysis was conducted using SAS 9.4 (SAS Institute, Cary, NC). Residuals were initially tested to verify the homogeneity and normality of the data prior to ANOVA analysis. Due to the unbalanced nature of the trial, comparing one nontreated check to herbicide product and application timing, data was analyzed as a one-factor (herbicide product by application timing) analysis of variance using Procedure Mixed (Table 2) . These ANOVAs were 
results And dIsCussIon

Crop Yield
Canola grain yields for the nontreated control were substantially lower in 2018 when compared to 2016 and 2017, with averages of 2400, 2158, and 1799 kg ha -1 for 2016, 2017, and 2018, respectively (Table 3 ). The higher than average yields in 2016 and 2017 can be attributed to cooler temperatures and more consistent rainfall patterns in the spring, which allowed for prolonged flowering and grain filling periods ( Fig. 1 and 2 ). Comparatively, 2018 had lower rainfall throughout the spring as well as two major freeze events during the canola early reproductive growth period (Fig. 3) . This resulted in increased stress of the crop, increased number of natural pod abortions, and lower average yields.
Although canola grain yields varied between years, late-season herbicide applications negatively impacted grain yields in all 3 yr of the experiment (Table 3 ). In all 3 yr, yields of canola treated with glyphosate increased compared with the nontreated control. The application of glyphosate at bolting and early flower consistently resulted in decreased grain yield, with a 21 and 18%, a 35 and 33%, and a 19 and 17% decline in yield for bolting and early flower applications in 2016, 2017, and 2018, respectively. Conversely, the application of glyphosate at mid-flower only decreased yields during the 2017 production season, with a 14% decrease in yield. Reduction 2015-2016, 2016-2017, and 2017-2018, respectively . ‡ Critical values produced through a Dunnett's D test.
in canola yield in response to late-season glyphosate applications are consistent with those found in the literature (Tozzi et al., 2015; Clayton et al., 2002) . Tozzi et al. (2015) found that, compared to vegetative applications, glyphosate applications during bolting or early bloom resulted in up to a 35% decrease in canola yields. The lack of consistent yield effects with mid-flower application could be a result of decreased yield potential from the pods at the middle to top of the raceme. If these pods consistently contributed less to the overall yield potential of the crop, these applications could result in a yield decline but not to the level that would cause significant results, similar to that found in the study. A majority of the yield loss associated with late-season glyphosate applications could be a result of the increased number of aborted pods (Tozzi et al., 2015) . In the current study, those treatments that resulted in a significant yield reduction also had a significantly higher aborted pod percentage (Table 4) . Treatments with glyphosate resulted in an average of 20% increased pod abortion, when averaged across all glyphosate applied treatments, compared with that of the nontreated control. As opposed to glyphosate, clethodim only decreased canola grain yields in 2017 and 2018 at early flowering. Evaluations of the impact of these two herbicides on canola yields are sparser than glyphosate in the literature. Lemerle and Hinkley (1991) noted that there was no negative influence of either clethodim or quizalofop applications on canola growth and yield; however, treatments were applied earlier in the season than those of this trial. Reports have shown negative impacts of clethodim applications on canola growth and development. Zerner and Wheeler (2013) evaluated clethodim applications during reproductive growth and noted that applications at bud development or bolting resulted in a 20 to 40% decrease in canola yields, depending on herbicide rate. Although the current study did not find consistent yield declines associated with clethodim applications nor were yield declines as severe, application rates did differ among studies. In this study, 0.3 L ha -1 of clethodim was applied compared with 0.5 and 1.0 L ha -1 used by Zerner and Wheeler (2013) . The results of this study suggest that evaluation of clethodim phototoxicity to canola when applied during reproductive growth should be evaluated at lower rates than previously shown. in 2015-2016, 2016-2017, and 2017-2018, respectively . ‡ Critical values produced through a Dunnett's D test. 
oil Content
Overall, the impact of late-season herbicide applications on oil content follow similar patterns as those found with grain yields. On a percentage basis, glyphosate applications during bolting and the early flower stage of growth resulted in significant decreases in oil content of the harvested seed compared with the nontreated control (Table 5) . On average, glyphosate applications during these periods resulted in a 5.1, 4.2, and 1.3% decrease in oil content during bolting, early flower, and mid-flower, respectively. Although not in canola production systems, the application of glyphosate has been shown to affect seed quality parameters (Zobiole et al., 2010; Albrecht et al., 2012 Albrecht et al., , 2014 . It is theorized that as glyphosate alters activity of the shikimate pathway for development within the plant (Saltveit and Mencarelli, 1988) , the plant has limited ability to synthesize important compounds needed to produce oil in the seed (Herrmann and Weaver, 1999) . In addition to glyphosate applications, clethodim applied at early flower in 2016 resulted in a significant decrease in oil content compared with the nontreated check. Similar applications resulted in a decrease in grain yield but only numerically. This decrease in oil content re-emphasizes the fact that these applications could influence canola growth and development, but application rates utilized in this experiment were too low to achieve significant effects.
Overall, our data suggests that the application of herbicides, specifically glyphosate, later in the production season can result in decreased productivity of a winter canola crop. This is especially true when applications were made during bolting or early flower, as significant yield declines were consistently found following applications made at the early reproductive periods. These yield declines can be attributed, at least partially, to an increased amount of aborted pods. However, as higher aborted pods were found following mid-flower applications and with applications of clethodim and quizalofop, this suggests that other yield parameters also are contributing the lower yields found following glyphosate treatments. Alternately, late-season applications of clethodim and quizalofop showed very little influence on winter canola yield. Based on current literature, the lower application rates of these herbicides used in this study could be responsible for the lack of significant response. Further evaluation is warranted to better understand the effect an application of clethodim might have on canola growth and development. This study, although it did not note any significant declines in canola production following clethodim applications, did show some numerical decreases in yield, an increase in aborted pods, and lower oil content.
Weed management within a canola production system is essential for the viability of the crop within a traditional winter wheat system. When timely applications are made, not only is weed control frequently better, but growers have a lower risk of damaging the crop. However, adverse environmental conditions can result in growers making later herbicide applications. Both glyphosate and clethodim applications made after the crop has begun bolting is considered an off-label application. Therefore, when making these later applications, growers have to evaluate not only the legal ramifications but also the potential yield loss associated with these applications. If later herbicide applications need to be applied to help control grass weeds, growers should transition from glyphosate or clethodim to quizalofop, which not only showed no significant yield loss with these later applications but also has only a 60-d pre-harvest interval. 
